Introduction
Nonviral vectors are highly attractive in gene therapy due to their excellent safety profile, despite their low transgene expression efficiency in comparison with viral vectors. 1 It is thought that the lower expression of nonviral vectors is because of their insufficient and non-uniform delivery into the nucleus and the low transcription efficiency of the transgene in the nucleus. Much effort has been made to improve the delivery of exogenous DNA into the nucleus. [2] [3] [4] [5] [6] In addition, strong promoters and various poly(A) signal sequences have been used to increase transgene expression. However, less attention has been paid to the structure of plasmid-based DNA to enhance the transcription of a transgene.
We hypothesized that the topology and the size of the DNA may be important determinants for transgene expression in nonviral vector systems. Plasmid-derived DNAs isolated from Escherichia coli have been used for nonviral delivery systems. They are circular duplexes, and this may be one of the reasons for their low expression efficiency, because the proteins involved in transcription may be loaded on to circular DNA less efficiently than on to linear DNA. In addition, the plas- mid-derived DNAs contain regions, such as the origin of replication and the antibiotic resistance gene, which are unnecessary for gene expression in mammalian cells and could be deleted. The expression of transgenes on short DNA molecules lacking the extra portions may be efficient. To our knowledge, the influences of DNA structure on transcription in the nucleus have never been examined, although others have tested the effects of DNA structure by transfection. [6] [7] [8] [9] To address our hypothesis systematically, we investigated transgene expression by a combination of intranuclear and cytoplasmic microinjections, and by transfection.
The DNA fragment, 5'-GCGAAGC-3', forms a highly thermostable loop. 10, 11 This loop was attached to the ends of linearized DNA by enzymatic ligation to make the terminus rigid and to prevent digestion by exonuclease(s). To examine our hypothesis, linearized DNA dumbbells of various lengths were prepared, and their GFP expression was tested by intranuclear and cytosolic microinjections, and by cationic lipid-mediated transfection. Our results suggest that (1) a transgene on a linearized DNA dumbbell is expressed five-to 10-fold more than that on circular DNA; and (2) smaller linearized DNA dumbbells showed increased transgene expression. In addition, (3) the order of the expression efficiency of DNA microinjected into the nucleus is very similar to that of transfected DNA, indicating that the structure and the size of DNA molecules affect the transcription, rather than endocytosis or nuclear entry.
Results

Experimental scheme
We constructed plasmids, linearized DNA, and dumbbells of different lengths in order to compare the expression of the green fluorescent protein (GFP) transgene as a function of DNA size. We inserted an 'expression cassette' containing the cytomegalovirus (CMV) promoter, gene, and poly(A) signal of pQBI 25 to the backbone of another plasmid, to eliminate effects of the neo expressing component on pQBI 25. This new plasmid, pQBI 25-63, contained the ampicillin resistance gene and the origin of replication, which function in E. coli, and the GFP expression cassette (Figure 1a) . The sizes of plasmid DNAs were increased and decreased by duplication and elimination, respectively, of the backbone parts of pQBI 25-63 (see Materials and methods).
We performed restriction digests on the various plasmids in order to create linearized DNAs, and capped their termini with a loop-forming oligonucleotide(s) by ligase treatment to form a series of DNA dumbbells. The capping sequence, 5'-GCGAAGC-3', is extraordinarily thermostable, 10, 11 and was incorporated into the loop-forming oligonucleotides used in this study (Figure 1b) . The DNA constructs were purified by low melting point agarose gel electrophoresis, and subsequent extraction from the gel by heating and organic solvent treatments.
It is known that light irradiation in the presence of ethidium bromide (EtBr), organic solvent extractions, and UV-irradiation damage DNA, [12] [13] [14] [15] [16] and that the formation of DNA lesions results in transcriptional inhibition and errors. [17] [18] [19] [20] Thus, we purified closed circular molecules and linearized DNAs in the same gel to compare the effect of the topology precisely. In addition, we used UVshadowing instead of EtBr staining for DNA detection in order to minimize DNA damage during manipulation of the plasmid-derived constructs. 
Gene Therapy
To confirm the end-capping by the hairpin-forming oligonucleotide(s), linearized, but uncapped, and dumbbell DNA molecules were treated with BAL 31 nuclease, which possesses 5'-to-3' and 3'-to-5' exonuclease activities, and were analyzed by 1% agarose gel electrophoresis. The capped DNA was more resistant to BAL 31 nuclease than the uncapped DNA (data not shown). Thus, the expected DNA molecules were obtained by our procedures.
Effect of topology on GFP gene transcription
First, we examined whether the topology of plasmidderived DNAs affects the transgene expression (transcription). Circular DNA molecules and DNA dumbbells were microinjected into the nuclei of simian COS-7 cells, together with tetramethylrhodamine-labeled dextran. The presence of the labeled dextran in the nucleus in living cells is a marker of successful microinjection. GFP expression was monitored by fluorescence and confocal microscopy, and the ratio of cells expressing GFP to those containing the labeled dextran in their nuclei was calculated.
The parental plasmid, pQBI 25-63 (7.6 kb), was used to prepare circular and linearized molecules. The pQBI 25-63 plasmid was treated with BglII, Aor13HI, and HindIII in order to examine the influence of the position of the 'expression cassette' (Figure 1c) . When microinjected into cell nuclei, the linearized DNA dumbbells showed an enhanced expression ratio as compared with that of the circular duplex ( Figure 2a , Table 1 ). When 50 copies were injected, approximately 75% of the cells expressed GFP, in the case of the linearized DNA dumbbells. On the other hand, the expression was only 18% for the circular DNA. When a 10-fold greater amount (500 copies) of the circular DNA was injected, 74% GFP expression was obtained. The copy numbers for 50% expression, calculated from the dose-expression curve, were 20 and 100 copies for the dumbbell and circular duplexes, respectively. Thus, the linearization and capping facilitated transgene expression by about five-to 10-fold. When the expression cassette was located near the ends (HindIIIand BglII-digested duplexes) or near the center (Aor13HI-treated DNA) of the DNA dumbbells, GFP expression was very similar (Figures 1c and 2a) . Thus, no obvious effect was observed with the different locations of the expression cassette.
Effect of size on GFP gene expression
The enhanced gene expression caused by plasmid linearization and dumbbell formation prompted us to investigate the effect of the length of the linearized DNA on GFP expression. Six different-sized molecules were examined: 5.7 to 9.4 kb DNAs were prepared by HindIII digestions of the corresponding plasmids, and a 2.3-kb duplex was obtained by HindIII-BglII double digestion of pQBI (Figure 1c ). Even the smallest DNA duplex contains the minimal sequence required for GFP expression. Surprisingly, GFP expression was highly correlated with the DNA dumbbell length, as shown in Figure 2b and Table  2 . The best expression was obtained with the smallest DNA (2.3 kb), followed by the 5.7-kb DNA. The DNA dumbbells with 6.8-9.3 kb lengths showed similar expression patterns (Figure 2b ). For example, 58% and 25% of cells expressed GFP when 10 copies of the 2.3-kb and 5.7-kb DNAs, respectively, were microinjected into Percentage of GFP-expressing cells (average ± standard deviation) are shown. All data are taken from Figures 2, 4, 5 and 6. Asterisks indicate significant difference, with P Ͻ 0.05 ( * ) or P Ͻ 0.01 ( * * ) versus the circular DNA. ND, not determined.
Table 2
Effect of size of DNA dumbbell on GFP expression
Intranuclear microinjection 57.9 ± 0.7 * * 24.9 ± 0.7 * * 9.8 ± 1.0 * 13.1 ± 1. the nuclei. On the other hand, the ratios of cells producing GFP were below 15% with DNAs larger than 5.7 kb. Apparently, the DNA size effect on gene expression efficiency upon nuclear injection is only significant below a threshold of approximately 6 kb.
Maintenance of higher expression
The GFP gene expression on linearized (dumbbell) DNA was higher than that on circular DNA, when assayed 2 days after microinjection, as described. To examine whether this higher expression could be observed at later Effects of DNA structure on transcription H Kamiya et al time points, 1000 copies of the dumbbell DNA molecules and the circular DNA were microinjected into the nuclei, and GFP expression was observed for up to 14 days. Linearized DNA duplexes, without end-capping, were also used as controls. One thousand copies of the closed circular DNA (7.6 kb) and the linearized DNA dumbbells (2.3 and 7.6 kb) were microinjected into the nuclei, and the GFP expression was examined at 2, 4, 7, 10 and 14 days after the microinjection. When linearized DNA duplexes without the end-capping were microinjected, the expression decreased more rapidly than with the circular DNA ( Figure 3 ). The expression of the non-endcapped control DNA was nearly zero on day 14, probably due to degradation of the injected linear DNA by nuclease(s). On the other hand, the DNA dumbbells expressed GFP more efficiently than the circular duplex for up to 14 days after the microinjection (Figure 3) . On day 14, the percentages of the cells expressing GFP were about 60% and 25% in the cases of the DNA dumbbells and the circular DNA, respectively. It is difficult to interpret these data precisely, due to cell division after the microinjection, and due to cell death by the intranuclear microinjection manipulation. However, it is clear that the more efficient expression by the linearized DNA dumbbells was maintained for at least 14 days.
Transfection of GFP-encoding DNAs
Next, transfection experiments using cationic lipids were performed. When the circular and dumbbell 7.6-kb DNAs were transfected into COS-7 cells, GFP expression was observed more frequently for the dumbbell molecules than for the circular DNA ( Figure 4a and Table 1 ). With 1000 fmol of DNA, 13% and approximately 25% of the cells expressed GFP in the cases of the circular and dumbbell DNA constructs, respectively. No difference was observed with the position of the expression cassette, as with the intranuclear microinjections. Since the ratio of the GFP-expressing cells was low, a direct comparison 
3-kb).
Gene Therapy of the data with those of the intranuclear microinjections may be problematic. However, the more efficient expression of the linearized dumbbell molecules than that of the circular DNA may be due to the enhanced transcription of the linearized DNA (Figure 2a) .
We then transfected various sizes of DNA dumbbells into COS-7 cells. Similarly to the intranuclear microinjection experiments, the 2.3-kb molecule showed the highest expression, followed by the 5.7-kb dumbbell DNA (Figure 4b and Table 2 ). When 100 fmol of the 2.3-kb and 5.7-kb molecules were transfected, 53% and 26%, respectively, of the cells expressed GFP. In contrast, DNA dumbbells larger than 5.7 kb showed very similar expression ratios. Again, this tendency resembled the expression patterns obtained by the intranuclear microinjection experiments (Figure 2b) , indicating that the influence of the size on the expression efficiency by transfection is highly dependent on the transcription efficiency. In addition, the small, linearized DNA dumbbells appeared to be quite useful molecules for a nonviral vector strategy.
Microinjections into cytoplasm
DNA entry into the nucleus is a very important obstacle to high transgene expression. Cytoplasmic microinjection experiments were carried out to compare the influences of the DNA structure and size with those in the transfection and intranuclear microinjection experiments. When the 7.6-kb circular and linearized molecules were microinjected into the cytoplasm, the GFP gene on the linearized dumbbell DNA was expressed with higher efficiency than that on the circular DNA ( Figure 5a and Table 1 ). The overall expression pattern was relatively similar to that obtained with the intranuclear microinjection for this size of DNA (Figure 2a ).
Cytoplasmic microinjection experiments were then conducted with DNA dumbbells of various sizes. As shown Figure 5b and Table 2 , the GFP expression depended upon the size of the linearized DNA: the smaller DNA dumbbells expressed the gene more efficiently than the larger ones over the entire DNA size range examined in the previous experiments. This result is in contrast to when the DNA was injected into the nucleus, since the effect of the size was unclear with the DNA dumbbells larger than 5.7 kb (Figure 2b ). In addition, the GFP expression level differences for the 2.3-kb DNA and the other molecules were small as compared with the intranuclear and transfection experiments (see Figures 2b, 4b and 5b ). Thus, a situation similar to that after cytoplasmic microinjection may not be an intermediate state during transfection: naked DNA may not be present in the cytosol.
Transfection into NIH3T3 cells
To confirm the effects of topology and size, the circular pQBI 25-63 DNA and the linearized molecules (2.3-9.4 kb) were transfected into mouse NIH3T3 cells. As in simian COS-7 cells, the linearization and capping with thermostable loops enhanced the transgene expression, and the shorter, dumbbell DNA molecules caused better expression ratios ( Figure 6 and Tables 1 and 2 ). The 2.3-kb DNA dumbbell showed the highest GFP expression, followed by the 5.7-kb DNA molecule. Thus, the small, linearized and end-capped DNA was very effective for transgene expression in mammalian cells. 
Figure 5 Expression efficiencies of the GFP gene in COS-7 cells by cytoplasmic microinjection of DNA dumbbells. A variable number of injected DNA copies as indicated on the x axis was used. The expression was examined at 48 h after injection. The values represent the average of three separate experiments. All DNA dumbbells were prepared as described in the legend to Figure 2. (a) Effect of topology of 7.6-kb
Discussion
The objective of this study was to examine the effects of the structure and the size of plasmid-derived DNA on GFP expression efficiency. We compared the expression of a transgene on linearized molecules capped with thermostable loops (dumbbell DNA) and on a conventional, circular DNA duplex. We found that the GFP gene on the linearized dumbbell molecules was expressed (or transcribed) five-to 10-fold more than that on the circular DNA, when microinjected into the nucleus (Figure 2a ). In addition, linearized DNAs with various lengths were used in intranuclear microinjection experiments, which revealed that smaller molecules expressed the transgene more efficiently than larger molecules (Figure 2b ), up to a limit of approximately 6 kb. When the 2.3-kb linearized DNA and the conventional circular duplex were compared, their expression (transcription) efficiencies differed by two orders of magnitude: 50% expression was obtained by intranuclear microinjections of one and 100 copies of the former and the latter, respectively ( Figure  2) . Thus, the expression efficiency of a gene on plasmidderived DNA could be improved by these manipulations.
Interestingly, transfection experiments with dumbbells and circular DNA duplexes resulted in gene expression level patterns similar to those obtained by the intranuclear microinjections (Figures 2 and 4) . On the other hand, the expression of the GFP gene microinjected into the cytoplasm showed a larger size range over which the inverse expression effect occurred, and more similar expression levels in comparison with the result of intranuclear microinjections and transfections ( Figures 2, 4 and 5). These results indicate that the transcription of a transgene in the nucleus, but neither endocytosis nor nuclear entry, was influenced by the exogenous DNA structure. The topology and size effects on transgene expression upon transfection may be primarily determined by their influence on the transcription efficiency. This conclusion is in contrast to the previous suggestion by Kreiss et al who examined the effects of size on transgene expression by transfection with cationic lipids. In agreement with our result (Figure 4b ), they found that smaller molecules showed the higher expression efficiencies. However, they suggested that DNA release from cationic lipids or the intracellular trafficking to the nucleus might account for their results. However, our experiments indicate, as shown in Figure 2b , that DNA size determines transcription efficiency in the nucleus. Thus, determinants of transcription may be those of expression of exogenous genes transfected by cationic lipids. Moreover, naked DNA, which is used in the cytosolic microinjection experiments, may not be present in the process of a transfection mediated by cationic liposomes. In agreement with this interpretation, we have recently found that exogenous DNA exists as a complex with lipids and/or proteins in the cytoplasm (Kamiya et al, unpublished observation) .
The reason why the expression (transcription) efficiency depends upon the structure of the DNA remains to be resolved. One possibility is that transcription factors, including RNA polymerase II, might load on linear DNA more easily than on circular DNA. A supercoiled structure is formed in closed, circular DNA, and this supercoiling may affect the binding of proteins, such as histones and transcription factors. Alternatively, the dumbbell DNA constructs used in this study could adopt a unique structure, and transcription factors might load on to the linearized capped DNA easily. It is known that DNA consists of two strands, which form a double helix. In the linearized, end-capped molecules used in this study, the two strands were covalently bound by loopforming oligonucleotides. Thus, these types of DNAs might adopt an unusual conformation after binding with nuclear proteins. This putative structural alteration may allow the transcription factor, TFIID, to bind to the promoter easily. In addition, this hypothesis may explain the effect of size on the expression (transcription). This putative torsion generated from the completely closed structure may be large within a short end-capped linear DNA.
Another possible explanation for the effect of the size is the presence of unnecessary regions other than the expression cassette. DNA binding proteins, including
Gene Therapy transcription factors, may bind to these regions in a specific or non-specific manner, and this putative event may decrease the transcription of a transgene. Although we eliminated the functional regions from the parental plasmid DNA (pQBI 25-63) during its construction (Materials and methods), this possibility cannot be excluded completely.
It is known that EtBr plus light and organic solvent extractions damage DNA. [12] [13] [14] [15] The former induces strand breaks and the latter oxidizes DNA. It was reported that DNA recovered from a gel visualized by EtBr plus light was a poor substrate for in vitro transcription. 17 Likewise, the presence of an oxidized base decreases transcription efficiency and induces transcriptional errors. 18, 19 Cellular DNA repair systems 21, 22 remove these lesions to prevent the mutations resulting from the formation of DNA lesions. [23] [24] [25] [26] The binding of proteins involved in DNA repair may be another inhibitory factor and cause lower transcription of DNA recovered from the gel. Thus, we purified closed circular molecules and linearized DNAs in the same gel to compare the effect of the topology precisely. In addition, we did not use EtBr for detection, to avoid DNA damage by the use of this reagent, although the UV light used in the shadowing technique itself damages DNA. 16 Kreiss et al compared the effects of topology and size on transgene expression by transfection with cationic lipids. 7 They reported that the expression of a transgene on circular DNA was better than that on linearized DNAs, in contrast to our present result (Figures 4a and 6a) . However, the linearized DNAs they used were not capped with oligonucleotides and were purified with a phenolchloroform extraction. The uncapped DNAs might be degraded by cellular exonucleases, and the organic solvent extraction may damage the DNAs during their purification. It is unclear whether the circular molecules they used were extracted in parallel with the linearized DNAs. In agreement with our result (Figure 4b ), they also reported that the smallest (3.7 kb) molecule showed the highest expression efficiency, irrespective of its structure.
Zanta et al prepared linear DNA capped with oligonucleotides forming a loop consisting of four pyrimidine bases. 6 This DNA was similar to the shortest DNA (2.3 kb) used in our study in that it contained only the essential region for transgene expression in addition to their cap structures. They observed that nearly equal luciferase expression was obtained by the transfection of linearized DNA with end-capping, depending upon the cell strain. However, we found that the shortest DNA was much better than the closed circular molecule (Figures 4 and 6) . This discrepancy may be due to the purification method. They separated the linearized DNA by ultracentrifugation. This ultracentrifugation is usually carried out in the presence of EtBr, and the linearized DNA that they used may have been damaged by this reagent, although a detailed experimental procedure was not provided. It is also unknown whether the circular molecule they used was re-purified in parallel with the linearized DNA. Thus, direct comparisons of the results of previous work 6, 7 and our results are problematic, since the other investigators may not have purified the circular DNAs and linearized DNAs at the same time.
Very recently, Schakowski et al reported gene expression from linearized and capped molecules, similar to those used in this work. 8 They compared the transgene expression of the linearized minimal-size DNAs and that of the circular DNAs using polyethylenimine and lipofectamine, and observed that the linearized DNAs improved the amount of the transgene product. However, the percentage of cells expressing the gene was similar in the cases of circular and linearized DNAs. We also used the ratio of cells expressing GFP, and found that the shortest linearized molecule (2.3 kb) was a much better vector (Figures 4 and 6) . The reason for these discrepancies between our present study and that of Schakowski et al is not clear. One possibility could be the differences in the loop structure. They used a loop consisting of four thymine bases. In contrast, we selected a highly thermostable loop to make the terminus rigid, as well as to prevent digestion by exonuclease(s). The difference in the terminal structure may affect the stability in cells and/or the protein-binding. Alternatively, some inhibitory factors may have been present after the chromatography step which they used for the purification of linearized vectors.
It should be emphasized that our results were obtained by microinjections in addition to transfection. Thus, we could reach the important conclusion that the effects of the topology and the size on transgene expression by transfection were highly dependent on the transcription efficiency. Of the DNAs studied, the linearized DNA dumbbell molecule with the minimum size was most effective for transgene expression, because it had the highest transcription. It is well understood that improvements of endocytosis and nuclear entry by various methods are necessary to enhance transgene expression efficiency. [2] [3] [4] [5] The results obtained in this study, together with improved delivery systems, will help to produce nonviral vector systems with clinical applications.
Materials and methods
General NIH3T3 cells were from the American Type Culture Collection (Manassas, VA, USA). COS-7 cells were from the RIKEN Cell Bank (Tsukuba, Japan). The pQBI 25 and pQBI 63 plasmids were from Takara (Kusatsu, Japan). Tetramethylrhodamine-labeled dextran (MW 70 000) was from Molecular Probes (Eugene, OR, USA).
Oligonucleotides
Oligonucleotides for end-capping were designed to incorporate the stable loop-forming sequence, 5'-GCGAAGC-3', in the middle and to make a 5'-protruding end compatible with the HindIII, BglII, or Aor13HI restriction enzyme: 5'-AGCTTATGGCGAAGCCATA-3', 5'-GA TCTATGGCGAAGCCATA-3', or 5'-CCGGAATGGCG AAGCCATT-3', where italicized and underlined sequences represent sticky end and loop-forming sites, respectively. The oligonucleotides listed above were obtained from Hokkaido System Science (Sapporo, Japan) in the purified form. These oligonucleotides were 5'-phosphorylated by T4 polynucleotide kinase and ATP, and were annealed before ligation to linearized DNAs.
Construction of plasmids with various lengths
The DraIII site of the pQBI 25 plasmid was converted to a HindIII site by oligonucleotide linker-mediated mutagenesis, and an 'expression cassette' containing the CMV promoter, the GFP gene, and the bovine growth hormone poly(A) sequence was excised from this modified plasmid by HindIII and BglII digestions. This cassette was purified by low melting point agarose gel electrophoresis and was inserted into the pQBI 63 plasmid digested by the same restriction enzymes. This new plasmid, designated as pQBI 25-63 (7.6 kb, Figure 1a) , was used as the parental DNA for the construction of other plasmids. Plasmids with 5.7 and 6.8 kb lengths were obtained by self-ligation of large blunt-ended BglII-NruI and BglII-MluI fragments of pQBI 25-63, respectively. The insertion of small, blunt-ended BglII-NruI and BglIIMluI fragments into the BglII site of pQBI 25-63 yielded plasmids with 9.4 and 8.3 kb lengths, respectively. These plasmid DNAs were purified with a Qiagen (Valencia, CA, USA) EndoFree Mega kit.
Preparation of linearized DNAs
The pQBI 25-63 plasmid was digested with either BglII, Aor13HI, or HindIII according to the conditions recommended by the suppliers. The digested DNAs (4.3 pmol) were mixed and joined with 430 pmol of the corresponding phosphorylated oligonucleotides with a Ligation High Kit (Toyobo, Osaka, Japan). After ethanol precipitation, the ligated DNA was loaded on to a 1% low melting point agarose gel and the electrophoresis was done in TAE buffer. 27 The gel was placed on to a thinlayer chromatography plate containing fluorescent materials. The linearized DNA was recovered from the gel by visualization by UV irradiation from the upper side. The DNA was purified as described in the literature. 27 The other linearized molecules were prepared by a similar procedure.
Microinjection
Cells were microinjected at day 1 after plating. In this procedure, we used a semi-automatic injection system (Eppendorf transjector 5246, Hamburg, Germany) attached to the Eppendorf micromanipulator 5171. Intranuclear and cytosolic microinjections were performed with the Z (depth) limit option using a 0.2-s injection time and a 30-200 hectopascal-injection pressure. The DNA was diluted with an injection buffer solution (0.5% tetramethylrhodamine-labeled dextran in phosphate buffered saline). At 48 h (unless indicated) after injection, the cells were washed with PBS twice and then were fixed with 25% glutaraldehyde at room temperature for 30 min.
Transfection DNA transfection was carried out with the Lipofectamine Plus Reagent (Invitrogen, Carlsbad, CA, USA) according to the supplier's instructions. COS-7 or NIH3T3 cells (3.5-5 × 10 5 cells) were incubated overnight in DMEM with 10% fetal calf serum under a 5% CO 2 /95% air atmosphere at 37°C. The DNA was mixed with the lipids and was transfected into the cells. After 3 h, the lipid-DNA complex was removed and the cells were incubated in DMEM with 10% fetal calf serum. At 48 h after the transfection initiation, the cells were washed with PBS twice and then were fixed with 25% glutaraldehyde at room temperature for 30 min.
Exonuclease treatment
Linearized DNA molecules with and without capping (100 ng) were treated with 0.15 U of BAL 31 nuclease (Takara) at 30°C for 10 min. After the addition of three volumes of 24 mM EDTA, the treated DNA was precipitated with ethanol and was analyzed by 1% agarose gel electrophoresis.
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In November 2002, Gene Therapy published an article by Professor Hiroyuki Kamiya and colleagues, which described an experiment that sought to construct topology altered DNA from which a transgene product could be efficiently produced.
In December 2005, the authors informed us that they had been unable to reproduce the results of this study and would like to have the paper retracted.
Having considered the authors explanation, which is published below, we have decided to withdraw this paper.
Statement by corresponding author Hiroyuki Kamiya:
Recently, we added a functional DNA sequence to plasmid DNA and examined its effects on transgene expression. At that time, we also linearized the new plasmid DNA, as reported in the Gene Therapy paper. As compared with the circular plasmid DNA, the linearized DNA (DNA dumbbell) did not show the expected, enhanced expression. We checked expression level of the original (without the functional sequence mentioned above) DNA dumbbell and found that the DNA topology had no dramatic effect. We constructed these DNA dumbbells by ligation of oligoDNAs and plasmid DNA digested with restriction enzyme(s). To exclude the possibility that the efficiency of the intermolecular ligation had an influence on the expression, we constructed another plasmid DNA that enables intramolecular ligation. However, the DNA dumbbell prepared from the new plasmid DNA did not increase the expression. Thus, we have to conclude that the DNA dumbbell topology did not enhance transgene expression.
The purpose of our research was to construct topology altered DNA from which a transgene product can be efficiently produced. Although somewhat similar effects were observed by us 1 and others, 2 the effects of the topology seem to be highly dependent on the experimental conditions.
We regret that most of the results reported in our Gene Therapy paper are not reproducible and we would like to apologize for this retraction.
